t Atlas of Formability | @

AD-A268 325
L ———




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




ATLAS OF FORMABILITY
HAYNES 230

by

Prabir K. Chaudhury and Dan Zhao

National Center for Excellence in Métalworking Technology
145C Scalp Avenue
Johnstown, PA 15304

Naval Industrial Resource Actavity
75-2, Naval
Philadelphis, PA 19112-5078

August 30, 1992

The views, opinions, and/or findin conuinedinthinetpmmthoaeoftheaud)mam
should not be construed as an official Department of the Navy position, policy, or
decision, unless so designated by other documentation




Form Approved
REPORT DOCUMENTATION PAGE OMS No. 0704-0188
Puliin 1800 NG Duroen 'orvms collection ot WMO” " m-mm w0 ovg:ovon:‘mzv m:one rtlz:':;gctho ume 1'o‘v :mm:m.::gb&ngﬂ? \‘!';’q ::.!:):ou'l(:
o e R T ey e i
Tﬂﬁﬁi?dﬁiﬁﬁﬁd::ﬁﬁ:T 2. REPORT DATE 3. REFORT TYPE AND DATES COVERew
Auggip 30, 19928 Final, 573Gs22 3{38(92

[4 TITLE AND SUBTHLE S. FUNOING NUMBERS )

Atlas of Formability

Haynes 230 C-N00140-88-C-RC21
[5 AUTHOR(S).

Prabir Chaudhury
Dan Zhao

PR ORMING ORCANATION NAWETS) AND ADORESS(ES ~FIRFORVING DRCANZATION |
i ':t‘ronmm

National Center for Excellence
Metalworking Technology (NCEMT)
1450 Scalp Avenue

Johnstown PA 15904
AGENCY REPORT NUMBER

Navel Incustrial Resources Support

Activity
Building 75-2, Naval Base
Philadelphic, PA 19112-5078 i3

(77 SUPPLEMENTARY NOTES

T5s ORTRBUTION AVARLABLTY STATEMENT T35 DRTRUTION COBE ]

words)

In this investigation, flow behavior of Haynes 230 alloy was
stu.ied by conducting compression tests over a wide range of
temperatures and stain rates. Constitutive relations were
determined from the flow behavior, and a dynamic material mode2ling
wes performed cn this alloy. Thue, the optimum processing
condition in terms of tempersture and during high temperature
defromation were also characterized.

Haynes 230, Deformation Processing
unvttn-ulnaamv dmﬁn:ntinn !&uz.amhqllbp.l&nahnn*Ang

05500 . : Standard For.a 298 (Rev 2-89
p;gm}na by ANS: 5t 799-'%
Fs L



TABLE OF CONTENTS

Imtroduction . . . . ... ... ... ... ... ... 1
Experimental Procedure . . . . . ... .................... 1
Resuits . .. ... ... .. ... .. 1
Summery . ... ... e 64
Implementation of Data Provided by the Atlas of Formability . . . . . . . 64
DTIC QUALITY INSPECTED 3

ST #A, AUTH USNAVIRSA (MR PLONSKY 8/443-6684)
PER TELECON, 17 AUG 93 CB

FTIS GRARI -
PTIC TAB O "
Unangounced g -
Justificatio

Availabiiity Godes

vail an{[or
Pllt Speciai




LIST GF TABLE

Table 1. List of figures, testing conditions and microstructural observations
forHaynes230 .. .. .. ... ... .. ... 2




Haynes 230

Introduction

Haynes alloy 230 finds extensive application in aerospace, cnemical processing and industrial
heating industries. This matenial has excellent high temperature properties and gcod corrosion resisiance.
The understanding of mechanical anc microstructural behavior during high temperature deformation is
very important for deformation processing of these alloys. In this investigation, flow behavior of Haynes
allov 230 was deterruned by conducting compression tests at various temperatures and strain rates.
Constitutive relations were determined from the ilow behavior, and a dynamic material inodeling for this
alloy was performed. Thus. the optimum processino, condition in terms of temperature and strain rate
was determined Microstruciural changes during high temperature deformation were also characterized
to aid process design engineers to select processing conditions in terms of resulting microstructure.

Experimental Procedure

The material used in this investigation was commercially available Haynes 230 solution treaied
bars. The typical microstructure of the as-received materials had an equiaxed grain with an average size
of 52 um (ASTM 5.2), Figure 1. There are some large precipitates, possibly of MgC type carbides,
which remained :in the microstructures even after high temperature deformation. The chemical
composition of this alloy is as follows:

Element Ni Cr \%Y Fe Mo Zo Mn Si Al C
Wt. % Bal 217 1398 141 12 064 048 037 031 911

Cylindrical compression test specimens with a diameter of 12.7 mm and a height of 15.9 mm were
machined from the bars. Isothermal compression testing was conducted on MTS testing machine under
an inert environment. The test matrix was as follows:

Temperature, C (F): 950 (1742), 1000 (1832), 1050 (1922), 1100 (2012), 1150 (2102), 1175 (2147),
and 1200 (2192)
Strain rate, s°1: 0.001, 0.01, 0.05,0.1,0.5, 1, S and 20

The tests were conducted in vacuum. Load and stroke data from the tests were acquired by a
computer and later converted to true stress-true strain curves. Immediately after the compression test,
the specimens were quenched with forced helium gas in order to retain the deformed microstructure.
Longitucinal and transverse sections of the spccimens were examined using optical microscope. The
photomicrographs presented were taken from the center of the longitudinal section of the specimens.

Results

Table 1 is a list of the figures, test conditions and the observed microstructures. The true stress-
true strain flow curves are shown in Figure 2 to Figure 57 with the corresponding deformed
MICTOSITUTIUTES i suMc U1 INESE Ldiios 10 Undeisiasnu siCiOstructural changes under the processing
cnaditions. True stress versus strain rate was plotted in log-log scale in Figure 58 at a true strain of 0.3.
The slope of the plot gives the strain rate sensitivity m, which is not constant over the range of strain ratc
tested. Log stress vs. 1/T at the same true strain is shown ‘n Figure 59. A processing map at this strain
was developed for the Haynes alloy 230 and is shown in Figure 60. The optimum processing condition
from the map can te obtained by selecting the temperature and strain rate combination which provides
the maximum efficiency in the stable region. This condition is approximately 1100 C and 0.001 s~ for
this material. The precipitates in the as-received material remain after test at all test conditions.




| Table 1. List of figures, testing conditions and microstructural observations for Haynes 230

. Strain Microstructure . Page
i‘g Temg(egture l’gt}e Optical Microscopy No

1 As recetved, heat treated and aged wrought bars (]
Equiaxed grains of 52 pm (ASTM 5.2) Some twins
observed. Precipitates present and remain for all the
test conditions below.

2 950(1742) 0.001 | Twinned elongated grains (aspect ratio ~3 1) showing 5
some necklacing.

3 950(1742) 0.01 6

4 950(1742) 0.05 | Elongated graine “how.ig some nocklacing 7

5 950(1742) 0.10 | Elongated grains (aspeci ratio ~3.5) with starting 8
necklacing at tlc grain boundaries.

6 950(1742) 0.50 9

7 950(1742) 1.0 Eiongated grains, extensive necklacing and about 10
25% of recrystallized equiaxed grains (~4um)

8 950(1742, 50 t

9 950(1742) 200 | Elongated grains (aspect ratio ~2. 1) with some twins 12

and posstbly slip lines.

10 | 1000(1832) 0.001 | Elongated grains showing twins and, ~3% necklacing 13
is also present.

11 1000(1832) 00l |Elongated grains and extensive necklacing with 14
~10% of recrystallized equiaxed grains (3.4 pm).
Some twins and possibly slip bands are present.

12 1000(1832) 0.05 15
13 | 1000(1832) 0.10 [same as above (11). 16
14 1000(1832) 0.50 17
15 | 1000(1832) 10 |Elongated grains with some twins and, very fine 18

necklacing at giain boundaries. There is also some
subgranular structure within deformed grains.

M 1000¢1832) 5.0 19

17 1 1000(1832) 200 |Elongated grains with some twins and possibly slip 20
bands.

18 1 1050(1922) 0001 |Elongated grains with some twins and, very fine 21
necklacing. There is also some subgranular structure
within deformed grains.

19 1050(1922) 0.01 22
20 | 1050(1922) 005 |Elongated grains with extensive necklacing, 23
recrystallized grains, scme twins , slip lines, and,
there is alsc some subgrapwlar ctructure within
deformed grains.
21 1050(1922) 0.1 Same as above. 24
22 1050(1922) 0.5 25




L) 1050(1922) L Elongated grains with extensive necklacing, 26
recrystallized grains, some twins  shp lines, and,
there is also some subgranular structure (~60%
equiaxed grains of 7 um) within deformed grains.

24 1050(1922) 5 27

25 1050(1922) 20 Elongated grains (aspect ratio ~3 1)with necklacing 28

_ and a sub granular Structure.

26 1100(2012) 0.001 | Equiaxed dynamically recrystalized grains (~40% 9
with a average size of 12 pm) and some elongated
deformed grains. Fine grain boundary precipitation

27 1100(2012) 0.01 Elongated and ~45% equiaxe! recrystallized grains 30
of .5 um. There are deformation twins and possibly

3 . i_ | shp bands Fine grain boundar precipitation

2 11002012 c s 31

29 1100(2012) u.1 Extensively deformed grains with necklacing and 32
subgranular structure ~45% (equiaxed grains with an
average size of 8 um) Fine precipitation at grain
boundaries is also present.

) 30 1100(2012) 05 i3

31 1100(2012) ! Elongated grains with a subgranuiar structure and 34
fine precipitation at grain bounaaries

32 1100(2012) 5 35

33 11002012) 20 Elongated grains with a subgranular structure ~90% 36
(equiaxed grains with an average size of 11 pm).

Fine precipitation at grain boundaries is also present.

34 | 1150(2102) 0.001 |Large recrystallized equiaxed grains with some 37
twinning.

35 1150(2102) 0.01 38

36 1150(2102) 0.05 | Recrystallized equiaxed grains. 39

37 1150(2102) 0.1 40

38 1150(2102) 0.5 4]

39 1150(2102) 1 Small recrystallized grains (duplex size) with some 42
twinniug,

40 1150(2102) 5 . 43

41 1150(2102) 20 Small recrystallized grains (dupiex size) with some 44
twinning,.

42 | 1175(2147) 0.001 1 Recrystallized equiaxed grains (dupiex size). 45

43 | 1175(2147) 0.01 ) Recrystallized equiaxed grains (dupiex size). 45

44 1175(2147) 0.05 47

45 1175(2147) 0.1 Recrystallized equiaxed grains, and few grown grains. 48

46 1175(2147) 05 49

47 1175(2147) 1 Equiaxed recrystallized grains with some twins. 50

48 1175(2147) 5 51

4% | 1ilAcisT 29 Sl recrystailized coutaxed graine. 52

50 | 1200(2192) 0.00i | Large recrystallized equiaxed g:ains (~47 pum), there 53
are no twins present and the large precipitates are
finer than at lower temperatures.

51 120002192) ¢.0l 54

3




52 1200(2192) 005 |Large recrystallized equiaxed recrystallizad grains, 55
there are no twins present and the large precinitates
are finer than at lower temperatures.
53 1200(2192) 0.1 Recrystallized equiaxed grains (~17.1 um), there are 56
some twins present and the large precipitates are iiner
than at lower temperatures.
54 1200(2192) 0.5 37
55 1200(2192) 1 Recrystallized equiaxed grains. 58
56 1200(2192) 5 59
57 | 1206{2192) 20 Recrystallize” equiaxed grains. 60

Figure 1. As-received microstructure of Haynes 230
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Figure 2. True stress-true strain curve and an optical micrograph from the center of the
sample cut through the compression axis, 950 C and 0.001 s°1.
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Figure 3. True stress-true strain curve, 950 C and 0.01 s°!
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Figure 4. True stress-true strain curve and an optical micrograph from the center of the compressed
sarple cut through the compression axis, 950 C and 0.05 s-1
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Figure 5. Tru2 stress-true strain curve and 2n optical micrograpn from the center of the compressed
sample cut through the compressica axis, 950 C and 0.1 s-1.
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Figure 6. True stress-truc strain curve, 950 C and 0.5 571,




Haynes 230 950 C 1.0 371
600 ———F———— , .

500

400

3a"

200

True Stress (MPa)

100

i A A & Il " 1 & 1 A .]
%,0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

True Strain

Figure 7. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 950 C and 1 51.
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Figure 8. True stress-true strain curve, 950 C and 5 s-1.
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Figure 9. True stress-true strain curve and an obtical micrograph from the center of the compressed
“sample cut through the compression axis, 950 C and 20 s°1.
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Figure 10. True stress-true strain curve and an optical micrograph from the center cf the compressed
: ~ sample cut through the compression axis, 1000 C and 0.001 s°1.
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Figure 11. True stress-true strain curve, 1000 C and 0.01 s°1.
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Figure 12. True stress-true strain curve, 1000 C and 0.05 s-1.
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Figure 13. True stress-true strain curve, 1000 C and 0.1 s-1.
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Figure 14. True stress-true strain curve, 1000 C and 0.5 s-1.
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Figure 15. True stress-true strain curve, 1000 C and 1 sl
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Figure 16

True stress-true strain curve, 1000 C and 5 s-1.
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Figure 18. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1050 C and 0.001 s-1.
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Figure 19. True stress-true strain curve, 1050 C and 0.01 s-1,
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Figure 20. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1050 C and 0.05 s°1.
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Figure 21. True stress-true strain curve, 1050 C and 0.1 s-1.
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Figure 22. True stress-true strain curve, 1050 C and 0.5 51
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Figure 23. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cist through the compression axis, 1050 C and 1.0 s*1.
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Figure 24. True stiess-true strain curve, 1050 C and 5.0 sl
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Figure 25. True stress-true strain curve, 1050 C and 20.0 s-1.
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Figure 26. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1100 C and 0.001 s-1.
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Figure 27. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1100 C and 0.01 s-1.
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Figure 28. True stress-true strain curve, 1100 C and 0.05 s°1.
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Figure 29.

True stress-true strain curve and an cptical micrograph from the center of the compressed
sample cut through the compression axis, 1100 C and 0.1 s°1.
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Figure 3C. True stress-true strain curve, 1100 C and 0.5 s-1.
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Figure 31. Trus stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1100 C and 1.0s°1.
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Figure 32. True stress-true strain curve, 1100 C and 5.0 sl
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Figure 33. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1100 C and 20 s°1.
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Figure 34. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1150 C and 0.001s-1.
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Figure 35. True stress-true strain curve, 1150 C and 0.01 s°1.
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“Figure 36. True stress-true strain curve and an optical micrograph from the center of the compressed
B URSS sample cut through the compression axis, 1150 C and 0.05 s-1.
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Figure 38. True stress-true strain curve, 1150 C and 0.5 s-1.
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Figure 39. ‘True stress-true straia curve and an optical micrograph from the center of the compressed
~ sample cut through the compression axis, 1150 C and 1 s*1.
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Figure 40. True stress-true strain curve, 1150 C and 5 s-1.
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Figure 41. True stress-true strain cur?re and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1150 C and 20.0 s-1,
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Figure 42. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis; 1175 C and 0.001 s-1.
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Figure 43. True stress-true strain curve and an optical micrograph from the center of the ccmpressed
sample cut through the compression axis, 1175 C and 0.01 s
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Figure 44. True stress-true strain curve, 1175 C and 0.0 sl
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Figure 45. True stress-true strain curve and an opical micrograph from the center of the compressed
sample cut through the compression axis, 1175 C and 0.1 s~
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Figure 46. True stress-true strair: curve, 1175 C and 0.5 51
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Tigure 47

. True stress-true strain curve, 1175 C and 1 sl
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Figure 48. True stress-true strain curve, 1175 C and § sl
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Figure 49. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1175 C and 20 s°1.
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Figure 50. True stress-true strain curve and an optical micrograph from the certer of the compressed
sample cut through the compression axis, 1200 C and 0.001 s°1.
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Figure 51. True stress-true strain curve, 1200 C and 0.01 s~1.




Haynes 230 1200C 0.05s-1

125 T 1 T T
10{1_ \ ]
7~
o I ;
=
~ 75 F -
n
/0]
£
» 50} _ -
Q
=
| -
|—.
25 =
1

0 " " [l M 1 a "
Q.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
True Strain

Figure 52. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1200 C and 0.05 s-1.
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Figure S3. True stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1200 C and 0.1 s-1.
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Figure 54. True stress-true strain curve, 1200 C and 0.5 s-1.
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Figure 55. True stress-true strain curve, 1200 C and 1 sl
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Figure 56. True stress-true sirain curve, 1200 C and § s-1.
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Figure 57. Tme stress-true strain curve and an optical micrograph from the center of the compressed
sample cut through the compression axis, 1200 C and 20 51,
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Figure 58. Effect of strain rate on stress in log-log scale at a true strain of 0.3 for Haynes 230.
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Figure 59. Eftect of temperature on stress at a true strain of 0 3 for Haynes 270

62




Log Strain Rate (s1)

_—

: ‘.1050 h 1100 1150
Temperature {Z)

Figure 60 Processing map of Haynes 230 at a true strain of 0.30
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Summary

Compression tests have been periormed on Haynes alloy 230 over a wide range of temperatures
anc strain rates. The experimental conditions used in this work are representative of those used in
meialforming practices. From the stress-strain curves, the flow behavior was characterized and a
processing map indicating the oYtimum processing condition was generated  This conditio.s is
approximately 1100 C and 0.001 s~1.

The deformed microstructures were characterized tiom the quenched specimens by optical
microscopy and are presented with corresponding stress-strain curves.

Implementation of Data Provided by the Atlas of Formability

The Atlas of Formability program provides ample data on flow behavior of various important
engincering materials in the temperature and strain rate regime commonly used in metalworking
processes. The data are valuable in design and problem solving in metalworking processes of advanced
materials. Microstructural changes with temperature and strain rates are also provided in the Buletin,
which helps the design engineer to select processing parameters leading to the desired microstructure.

The data can also be used to construct processing map using dynamic material modeling approach
to determine stable and unstable regions in terms of temperatine and strain raie. The temperature and
strain rate combination at the highest efficiency in the stable region provides the optimum processing
condition. This has been demonstrated in this Bulletin. In some metalworking processes such as forging,
strain rate varies within the workpiece. An analysis of thie process with finite eli:ment method (FEM) can
ensure that the strain rates at the processing temperature in the whole workpiece fall into the stable
regions in the processing map. Furthermore, FEM analysis with the data from the Atlas of Formability
can be coupled with fracture critena to predict defect formaiion in metalworking processes.

Using the data provided by the Atlas of Formability, design of metalworking processes, dynamic
material modeling, FEM analysis of metalworking processes, and defect prediction are common practice
in Concurrent Technologies Corporation. Needs in solving problems related to metalworking processes
can be directed to Dr. Prabir K. Chaudhury, Manager of Forming Department, by calling (814) 269-2594.
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